ABSTRACT. The features of ribbon-like polymers in thin film being anisotropic in cross-section, is considered using a lattice model of oriented self-correlated walks. It was assumed that local properties of the ribbon-like chain are strongly anisotropic: bending is possible only in the plane of the ribbon (the orientation of this plane can vary due to twist). On base of this model the phase transition of the ribbon-like polymers possessing certain bending and twist rigidity, into rotator phase is described in the mean-field approximation. The dimension reducing of polymer system results in increase of phase transition temperature. But the most interesting phenomenon is the spontaneous polarization arising in non-orientated system due to confinement of polymer macromolecules.
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sary to note that in the modern phenomenological theories [20, 23 and 24] basing on Kratky-Porod model [25] , two important circumstances are not considered. First, the persistent mechanism of chain flexibility excludes the possibility of large local bends of macromolecule. Second, in framework of the nematic theory no influence of rotational degrees of freedom on the conditions of a rotator phase formation is considered. Moreover, no dynamics of rotational degree of freedom can be studied in framework of models of nematic ordering. The first restriction is essential only for rather short worm-like chains, at the same time the second circumstance requires the use of more complicated, but adequate models.
Both circumstances mentioned above can be taken into account within the framework of discrete semi-phenomenological model of Directed Self-Correlated Walks on the regular lattice -DSCW [26] [27] [28] . This model has been successfully applied for the description of conformational statistics of polymer chains possessing arbitrary rigidity and length [29] [30] [31] [32] [33] [34] . The modification of this model allowed one to consider the local bending anisotropy of a macromolecule and to describe the conformational statistics of the ribbon-like polymers possessing a rotational degree of freedom [35] , and also to analyze the influence of above macromolecular properties on the rotator phase formation [36] , and serves as a base for the following consideration.
Lattice model of the system
Without all details (The rigorous substantiation of such representation was given in previous work [35] ) the local feature of ribbon-like macromolecules can be taken into account by considering each monomer as an elementary object characterized by an additional parameter called "polarization" (positive or negative) which corresponds to the rotational degree of freedom and determines the local anisotropy of stiffness. The change of polarization (without a bend) corresponds to the twist of a chain.
At the same time the chain polarization is influencing upon the chain bends, but this influence in 2d-systems results in other restrictions in comparison with 3d-systems. If in the 3d-system the bend direction are determining depending on polarization by right-or left-hand triple of vectors, in 2d-system the bend from one direction to other one is possible only for one polarization, for example, positive, and for negative polarization no bends are possible.
Let us consider random walks of a "particle" on a regular square lattice. The probability of a direction choice at each following jump depends both on the jump direction and on polarization "of the walking particle" of the previous step. Such random walks correspond to DSCW. The pathways of the particle which performs such a random motion corresponds to the conformation of a ribbon-like chain of arbitrary rigidity. Let e(n) be the vector depending on the jump at the n-th step of a random walk which means the position of the n-th monomer of the chain. The stiffness and polarization of a macromolecule are specified by distribution of conditional probabilities of the direction and polarization at step (n+1), e(n+1), at the given direction and polarization of the previous step, e(n).
For isotropic system the possibilities are as follows: a particle may maintain the direction (with probability (1 -β)); or move in a perpendicular direction if it is allowed by polarization (with probability β). Analogously, let the probability to maintain a given polarization be (1 -ω) and the probability to change polarization be ω.
Assuming that bending and twist (polarization change) are thermally activated processes the appropriable probabilities are given as follows,
here E β and E ω are the activation energies for bending and twist respectively. The state of the n-th monomer of the chain is determined by the bispinor of the probability distribution of directions and polarizations of the n-th step of the walk. Since we are interested in the phenomenon of orientational self-organization of polymer chains, each monomer of these chains can be considered as a directional line but not as a vector, and the appropriate column vector of the probability distribution can be expressed as a bispinor,
where the upper indices ± correspond to "polarization" and the subscripts x, y correspond to the directions of the coordinate axes x and y.
The bispinors of the probability distribution at n-th and (n+1)-th steps are connected by the transfer-matrix
The column vectors of a probability distribution are related at n-th and (n+1)-th steps by transfer-matrix:
The 4×4 transfer-matrix ) 0 ( T also can be represented as the block matrix, In case of the orientational self-ordering, we have to indicate a preferential direction along which a chain will be orientated after the spontaneous symmetry breaking. Let this preferential direction be the x-axis. The extent of ordering can be described by order parameter η which can be defined in the following way, 1 ,
where n x,y are the fractions of monomers directed along the x-and y-axes respectively.
Besides, the probabilities of bending should be depending on the bend direction: the transition from the y-directions to the x-direction is preferable as compared to the transition in the opposite direction, then the probability of this transition β + (η) is larger than the original one β, β + (η) ≥ β, while the probability of the opposite transition β -(η) is smaller than β, β -(η) ≤ β. Taking into account the rotational symmetry of xy-plane, the probabilities β ± (η) have to be satisfying condition β + (-η) = β -(η). The functions β ± (η) should be monotonic and can be approximated by an Arrhenius-type form,
where E(η) is the energy gain of the monomer with the orientation along an effective field. Due to the symmetry, β + (-η) = β -(η), E(η) should be the odd function of η.
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The blocks of the transfer-matrix T are to be redetermined as (7) and the 4×4-transfer-matrix T becomes the form,
This approach and mathematical technique allow one to take into account both bending and twisted degrees of freedom of ribbon-like polymer chains.
Generating function
The distribution function of orientation and polarization of monomers is expressed through the powers of the matrix T [33] [34] [35] [36] . The matrix blocks A(±η) and B(±η) do not commute and, therefore, the problem of the calculation of the distribution function is reduced to the diagonalization of the 4×4 matrix, i.e., to the solution of an algebraic equation of the fourth order. One can apply instead the method of the generating function which is commonly used for the study of systems with a varying number of particles.
The calculation of generating function
can be reduced to the summing of geometric progressions, and results in following expression,
where
This generating function (10) allows one to analyze separately both orientation, and polarization ordering in the system in question. For this goal the average over all possible polarizations or orientations of extreme bonds of chain is to be performed.
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Orientation ordering of chains
The average over possible polarizations of extreme bonds of a trial chain corresponds to the half of the sum over all polarization indexes and results in the generating function of orientation distribution of the chain,
This generating function allows one to analyze the orientation self-ordering of the system of ribbon-like polymer chains located on a plane.
Self-consistent equation
In order to calculate the extent of orientation order of the chain system the averaging over all the possible orientations of all monomers of the system is to be performed. However we can restrict ourself by averaging over all the possible orientations of monomers of only trial chain, assuming that the orientation of its first monomer equals to the averaged orientation of all monomers of the trial chain. The required averaging over orientations of all monomers of a trial chain consisting of the N units, can be written in the form of the contour integral, therefore the portion of monomers heving the orientation along the axis x or y is , , , ) ( Such averaging does not allow one to calculate directly the extent of orientation order of the system, but results in self-consistent equation, and the solution of the last gives the required quantity. Indeed, the extent of the ordering of the environment of a trial chain in a mean-field approximation should be regarded as equal to the one of the trial chain. This means that after averaging the orientation of the first monomer of a chain should be equal to the averaged orientation of all the monomers, i.e., , and values of the parameters β ± (η, T) have to correspond to the same extent of the ordering (the order parameter η is defined by n i in equation (5)). Such approximation results in the fact that equation (12) is, the self-consistent equation determining the state of the system. The integral in equation (12) is determined by the poles of the matrix ( ) ξ G (11) which are located outside the unit circle in the complex plane ξ. However, for long chains, (N → ∞), only one pole, ξ = 1 + 0, has to be taken into account since the contribution of poles with |ξ| > 1 tends to zero due to the limit N → ∞. Taking into account all of these facts, the fraction of monomers oriented along each axis can be easily calculated:
Substituting (13) into (5) we obtain the following self-consistent equation
The equation (14) does not contain the argument ω which defines the chain polarization distribution. This has the obvious explanation: the interaction of the chain with an environment in fact depends on neither the environment polarization nor the local polarization of the trial chain.
By introducing the denotations ( )
one can represent the equation (14) in a more convenient form:
It can be easily seen that η = 0 is a trivial solution of equation (16) . The existence of other solutions is determined by the energy of the inter-chain interaction E(η). Due to physical reasons it is clear that this energy E(η) has to increase monotonically with the increase of the ordering in the system. Let us use the polynomial form of the function E(η) for the quantitative analysis. Since E(η) is an odd function of η, the first terms in the series are ( )
In order to find the numerical solution of the equation (16) it is convenient to use the dimensionless parameters: κ = E 1 /E β and κ 3 = E 3 /E 1 and the reduced temperature τ = T/E β . The parameter κ 3 defines the extent of non-linearity of the inter-chain interaction. And the parameter κ defines a ratio of interaction energy of monomer with environment and elastic chain bend energy. We put κ = 0.5 (Such a choice of κ resulted in good agreement with experimental data at calculations of the phase transition temperature into rotator phase [36] ) for the numerical calculations. The numerical analysis showed that the solution structure of equation (16) corresponding to 2d-system, is very similar to that in 3 dimension [36] . The appropriable bifurcation diagrams are shown in Fig. 1 . Depending upon the value of the coefficient κ 3 , two different solution structures are possible. For κ 3 = 0.2 (κ 3 < κ 3cr ) the ordered phase 4-113 appears continuously, which corresponds to the phase transition of the second order (see Fig. 1a ). But for κ 3 = 2 (κ 3 > κ 3cr ) the ordered phase appears abruptly, corresponding to the first order phase transition (see Fig. 1b) . The one type of the solution structure changes to the other one at the critical value of coefficient κ 3cr being equal to 0.3 for κ = 0.5.
Hence, for the weak nonlinearity of effective inter-chain interaction, as for the excluded volume system where steric interactions are dominant, transition into a nematic state is of the second order, as in the classic Onsager model [21] . However, if the nonlinearity of effective inter-chain interaction is large enough, transition into the nematic state is of the first order.
Effective free energy of polymer macromolecule
As one can see from Fig. 1b , transition from the isotropic to the nematic state occurs at any temperature, τ 1 , while the reverse transition from the nematic to the isotropic state takes place at a different temperature τ 2 , which represents the hysteresis.
However, if the temperature is being changed slowly, the phase transition point is determined not by kinetic but by thermodynamic properties of a system. Therefore, in order to determine the temperature of the first order phase transition one has to calculate the free energy of a system in both disordered and ordered states and find the temperature, τ cr (τ 1 <τ cr <τ 2 ), at which these two values of the free energy are equal.
In general, finding the exact form of the free energy of a macromolecule is a hard task. However, one can construct an approximating form of free energy per monomer F(η, T) by using some simple arguments. Equation (16) has to be equivalent to the minimum of the free energy, i.e., it must be equivalent to the following equation
Using arguments similar to three-dimensional case, one can rewrite the selfconsistent equation (16) in the following form corresponding to equation (18),
Integration of equation (19) gives the effective free energy of macromolecule F(η, T) per one monomer unit as
where the addends being independent on η are omitted and the bottom limit of integration is selected so that F(η = 0, T ) = 0. This form of free energy (20) differs from the usually used fourth power polynomial in η, with temperature-dependent coefficients. In spite of this fact the qualitative features of the obtained form of free energy are the same ones as in a polynomial form. Moreover, one can bring (20) to the latter form using the Taylor series, resulting in only negligible changes in the values of critical points and no new features of the system (see Fig. 2 ).
At phase transition temperature τ cr the free energy F(η, T) (20) has two minimum with equal values. This temperature was obtained numerically at the same parameter values as in three-dimensional case and it amounts τ cr = 0.658. The obtained value is a little higher than phase transition temperature in the bulk (The phase transition temperature in the bulk is equal to 0.655 [36] and the reduced temperature change of about 0.003 corresponds to 1.5°C), and this difference is caused by system dimension reducing.
It should be noted in conclusion of this section that one cannot exclude the kinetic, rather than thermodynamic nature of the first order phase transition. The latter will mean that the isotropic-nematic phase transition will be accompanied by a hysteresis which was, indeed, observed experimentally [14] .
Polarization ordering in the system
In order to calculate the extent of polarization ordering in the system the averaging over all possible orientations of extreme bonds of the trial chain is to be performed. Such averaging corresponds to the half of the sum over all orientation indexes and results in the generating function of polarization distribution of the chain, ( )
]
The mean polarization of is equal to the averaging over all the possible monomer polarizations of only trial chain, assuming that the polarization of its first monomer equals to the averaged orientation of all monomers of the trial chain. The 4-115 required averaging over polarizations of all monomers of a trial chain consisting of the N units, like in case of orientation ordering, can be written in the form of the contour integral, (22) here we assumed that the trial chain is enough long (N → ∞) and therefore only one pole, ξ = 1 + 0, has to be taken into account.
Introducing the polarization parameter as
, one can calculate the polarization depending upon ordering and temperature of the system,
If no orientational order occurs (η = 0) the nonzero polarization takes place in the system,
in so doing the polarization is increasing with temperature increase and tends to 1/3 if T → ∞ (see Fig. 3 ).
At the same time the extent of spontaneous polarization is very small in orientational ordered system and tends to zero if η → 1 (see insert in the Fig. 3 ).
At first glance such effect seems very surprising. Indeed, no physical interaction resulting in spontaneous polarization in orientational disordered system, were assumed. Moreover, no coupling between bend and twist of the polymer chain was also assumed and, therefore, the orientational ordering of the system should not have influence on its polarization.
The explanation of above effect is related with reduced dimension of the system in question. The confinement of the polymer chains which results in their planar laying, suppresses some possible conformations of macromolecules. As a result, the competition between bended and twisted degree of freedom takes place. Indeed, due to the fact that the bend of a chain is possible only for positive polarization, the realization of all possible bends results in partial freezing of the twisted degree of freedom, in so doing the spontaneous polarization of the system occurs, since the positive polarization of macromolecules is preferable. For the same reason the increase of number of twists results in partial freezing of the bended degree of freedom. The partial freezing of each degree of freedom results in increase of the entropy and the system tends to minimize this entropy increase.
Thus, the spontaneous polarization in the system occurs due to its reduced dimension resulting in confinement of the polymer chains.
Conclusions
The carried out analysis has shown that no qualitative changes in dynamics of oreintational ordering of two-dimensional system of ribbon-like polymers in comparison to its 3d analog are being observed. Only quantitative difference takes place: the temperature of the phase transition has increased, but this increase is negligible (about 1.5°C).
However, the reduced dimension of the system in question results in other effects taking place in ultrathin films consisting of ribbon-like polymer macromolecules. A coupling between bended and twisted degree of freedom occurs due to confinement of the polymer chains and this coupling results in the spontaneous polarization of polymer chain in orientational disordered state.
In conclusion we have to note that if the reason of polymer chain anisotropy is the polar group of chain monomers, the interaction between such monomers takes place. In the above analysis no interaction between polar groups of chain monomers was assumed. But the taking into account of the above interaction only increases and does not suppress the effect in question.
